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ABSTRACT It is clear that intramolecular hydrogen bonds are essential to the structure and stability of globular proteins. It
is not clear, however, whether they make a net favorable contribution to this stability. Experimental and theoretical studies are
at odds over this important question. Measurements of the change in conformational stability, A(AG), for the mutation of a
hydrogen bonded residue to one incapable of hydrogen bonding suggest a stabilization of 1.0 kcal/mol per hydrogen bond.
If the A(AG) values are corrected for differences in side-chain hydrophobicity and conformational entropy, then the estimated
stabilization becomes 2.2 kcal/mol per hydrogen bond. These and other experimental studies discussed here are consistent
and compelling: hydrogen bonding stabilizes globular proteins.
The principle of science, the definition, almost, is the fol-
lowing: the test of all knowledge is experiment. Experiment
is the sole judge of scientific "truth." -R. P. Feynman
(1963)
INTRODUCTION
To perform their biological functions, most proteins fold to
globular conformations that are stabilized by many different
noncovalent interactions. The relative importance of these
interactions in stabilizing the folded state has been a matter
of debate for several decades. Proteins contain both polar
and nonpolar groups. When a protein folds, most of the
nonpolar side chains (-80%) are buried in the interior of
the protein, shielded from solvent, and tightly packed with
other polar and nonpolar groups (Klapper, 1971; Richards,
1977; Lesser and Rose, 1990; Harpaz et al., 1994). This
phenomenon, known as the hydrophobic effect, is a major
force favoring the folded conformation (Kauzmann, 1959;
Tanford, 1962; Dill, 1990; Pace, 1992; Fersht and Serrano,
1993; Honig and Yang, 1995; Lazaridis et al., 1995; Ma-
khatadze and Privalov, 1995; Matthews, 1995; Pace et al.,
1996). Many polar side chains (-65%) and peptide groups
(-70%) are also buried in folding (Lesser and Rose, 1990),
and these groups almost invariably form hydrogen bonds
with other polar groups (Baker and Hubbard, 1984; Stickle
et al., 1992; McDonald and Thornton, 1994). One question
being actively debated at present is whether these hydrogen-
bonded polar groups make a favorable contribution to glob-
ular protein stability. Based on experimental studies, we
think they do. Two recent theoretical studies disagree.
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Honig and Yang (1995) concluded, "The analysis presented
here, when combined with the mutation results suggests
that, to a first approximation, hydrogen-bonding groups
make no contribution to protein stability." And Lazaridis et
al. (1995) concluded, "The polar groups contribute little or
not at all to protein stability." Recent textbooks have seem-
ingly ignored much recent experimental evidence in coming
to similar conclusions (Voet and Voet, 1995; Kyte, 1995).
In this article, we first discuss some of the factors that
complicate analyses of hydrogen bonding in proteins. Next
we discuss recent experimental results that show that hy-
drogen bonding contributes favorably to protein stability,
and finally we consider why the theoretical studies reach a
conclusion different from that of the experimental studies.
HYDROGEN BONDING IN PROTEINS
In an unfolded protein, most polar groups are hydrogen
bonded to and partially surrounded by water molecules. In
a folded protein, most polar groups will form one or more
intramolecular hydrogen bonds and will be surrounded by
the polar and nonpolar groups that make up the interior of a
folded protein. The question that has proved difficult to
answer is whether the free energy of the polar groups is
lower when they are hydrogen bonded to water in an un-
folded protein or to each other in a folded protein.
Intramolecular hydrogen bonds are a ubiquitous feature
of protein structure. On average, proteins form 1.1 hydrogen
bonds per residue when they fold (Stickle et al., 1992). The
>C==O*H-N< hydrogen bond formed by the backbone is
most prevalent (68.1%), with >C==O side chain (10.9%),
>N-H..side chain (10.4%), and side chain--side chain hy-
drogen bonds (10.6%) accounting for the remainder (Stickle
et al., 1992). The intrinsic energy of these bonds is not
known. It is clear that electrostatic forces provide the major
stabilization to hydrogen bonds (Mitchell and Price, 1990).
Consequently, hydrogen bond energies will depend on both
the dielectric constant and the hydrogen bond geometry.
Quantum mechanical calculations suggest that the energy of
a hydrogen bond between the carbonyl oxygen of formal-
dehyde and the amide hydrogen of formamide in vacuo is
6.5 kcal/mol at the optimal geometry and length (2.89 A),
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and 4.9 kcallmol for the geometry and length (2.99 A) of
hydrogen bonds in an a-helix (Mitchell and Price, 1990).
These values are comparable to the enthalpy change ob-
served for neutral hydrogen bond formation in the vapor
phase (Rose, and Wolfenden, 1993). The average hydrogen
bond length observed in proteins is 3.04 A (Stickle et al.,
1992). Thus, the average hydrogen bond in a folded protein
will be longer than the length that leads to optimal strength,
and the hydrogen bonds will have a range of angles, not
necessarily those giving optimal strength. In addition, the
hydrogen bonds will be in a far more complicated environ-
ment than the vapor phase, so that additional polar and van
der Waals interactions will contribute to the stability. Con-
sequently, at present, we have no reliable estimates of the
average strength of intramolecular hydrogen bonds in a
folded protein or of intermolecular hydrogen bonds of the
same groups to water.
The unfavorable free energy of removing polar groups
from water can be estimated from measurements of the free
energy of transfer, AGtr. For the transfer of a peptide group
(-NH-CH-CO-) from water to the vapor phase, AGtr = 12.1
kca/mol (Makhatadze and Privalov, 1995), and from water
to cyclohexane, AGtr = 5.3 kcallmol (Pace, 1995). These
results show that AG for dehydrating a peptide group is very
unfavorable, but that the peptide group can have favorable
van der Waals interactions, even in a nonpolar liquid that
makes up for a large part of the cost. The calculations of
Lazaridis et al. (1995) show that van der Waals interactions
between polar and nonpolar groups make a large contribu-
tion to protein stability. For the transfer of a peptide group
from water to wet n-octanol, AGtr = 1.1 kcallmol (Pace,
1995; Wimley et al., 1996). In this case, the peptide group
should be extensively hydrogen bonded in both solvents,
suggesting that burying a peptide group might be unfavor-
able, even if it is completely hydrogen bonded. (Both cy-
clohexane and n-octanol are "wet" in the experiments to
measure AGtr, but the amount of water in the cyclohexane,
2.5 mM, and n-octanol, 2.3 M, differs markedly, so that
polar solutes should be extensively hydrated in n-octanol,
but not in cyclohexane.) Roseman (1988) has suggested that
AGtr 0.6 kcallmol for the transfer of a hydrogen-bonded
peptide group from water to CCl4 or benzene. The evidence
continues to mount, however, that octanol and other non-
polar liquids are poor models for the protein interior be-
cause the packing is not as tight, and consequently the van
der Waals forces will be less favorable (Harpaz et al., 1994).
In addition, the AGtr values are based on small model
compounds that would represent the upper limit of exposure
to solvent. In an unfolded protein, the polar groups should
be less exposed to solvent, and the cost of burying the
groups would not be as great (Shortle, 1996; Creamer et al.,
1995; Tobias et al., 1992).
This discussion points out some of the difficulties en-
countered in trying to answer the question posed above. We
doubt if the question can be answered convincingly by
theoretical studies in the near future, but they will be es-
we think experimental studies provide strong evidence that
hydrogen bonding contributes favorably to protein stability.
The most convincing studies are discussed in the next
section.
EXPERIMENTAL STUDIES OF
HYDROGEN BONDING
Mutational studies of hydrogen bonding in proteins usually
replace one member of a hydrogen bonding pair with a residue
incapable of hydrogen bonding. By measuring the difference in
stability between the mutant and the wild-type protein, one
hopes to gain insight into the contribution of hydrogen bonding
to the stability of the protein. Here we consider studies of 89
mutants of six different proteins: RNase TI (Shirley et al.,
1992), barnase (Serrano et al., 1992), BPTI (Yu et al., 1995),
arc repressor (Milla et al., 1994), T4 lysozyme (Matthews,
1995), and staphylococcal nuclease (Green et al., 1992; Byme
et al., 1995). The five types of mutations considered are shown
in Fig. 1. In the first four types, a polar group is removed and
the residue in the mutant protein is smaller than the residue in
the wild-type protein. For the fifth type, Thr => Val mutants,
the polar -OH group is replaced by a nonpolar -CH3 group, and
the residue in the mutant protein is larger than the residue in the
wild-type protein. The Thr => Val mutants will discussed first.
Results for 12 Thr => Val mutants are summarized in
Table 1. Note that A(AG) is defined so that negative values
represent an increase in stability and positive values repre-
sent a decrease in stability. For the Thr a Val mutants in
which the Thr is not hydrogen bonded in the wild-type
protein, the mutants are stabilized when the -OH group is
replaced by a -CH3 group if the -OH group is buried. This
is expected because Val is more hydrophobic than Thr (Fig.
1). In contrast, the mutants are destabilized when the -OH
group removed is hydrogen bonded in the wild-type protein.
To get a more realistic estimate of the contribution of the
hydrogen bonds to the A(AG) values, we can correct ap-
proximately for the contribution of the difference in hydro-
phobicity as described in Table 1, and in more detail in Pace
(1995). Note now that the A(AG) = 2.0 + 0.7 kcal/mol per
hydrogen bond when the -OH groups are hydrogen bonded
in the wild-type protein and 0.1 + 0.2 kcal/mol when they
are not. We conclude that the hydrogen bonds make a
favorable contribution to the stability.
What if we consider the reverse mutation, Val => Thr?
For the seven mutants in which the Thr is not hydrogen
bonded in the mutant, there is a substantial decrease in the
stability (Table 1). In contrast, when the -OH group of the
Thr is able to form a hydrogen bond, the decrease in
stability is reduced. Again, this suggests that hydrogen
bonds make a favorable contribution to stability.
Now we consider the other four types of mutations shown
in Fig. 1, where a polar group is removed. For these muta-
tions, the mutants may be left with a cavity because the
residue in the mutant is smaller than the residue in the
sential for reaching a complete understanding. In contrast,
2034 Biophysical Journal
wild-type protein. Results for 52 mutants are summarized in
Hydrogen Bonds Stabilize Proteins
Volume(A3) Hydrophobicity(kcal/mol)
Side chain entropy
(kcal/mol)
-CH2 Q H
11
-CH2-C-NH2
C-H2--OH
OH
-CH
CH3
OH
-CH
CH3
-HCH2
-CH3
-CH3
-CH3
/CH3
-CH
CH3
FIGURE 1 Differences in structure, volume, hydrophobicity, and side-chain conformational entropy (TAS) for the following mutations: Tyr A Phe, Asn
=> Ala, Ser => Ala, Thr => Ala, and Thr => Val. The differences in residue volume are from Harpaz et al. (1994). The differences in hydrophobicity are
from Pace (1995) and are based on the n-octanol hydrophobicity scale of Flauchere and Pliska (1983). The differences in conformational entropy are based
on the mean TAScnf values at 300 K given by Doig and Stemnberg (1995).
Table 2. Note that the polar groups are on average 82%
buried, and that the hydrophobicity of the residue in the
mutant is always greater than that of the wild-type residue
(Fig. 1). As a consequence, if only the hydrophobic effect
were operative, we would expect the mutants to be more
stable and the A(AG) values to be negative.
In addition, because the cost of fixing the shorter side chains
in the mutants will be less than that of fixing the longer
wild-type side chains (Lee et al., 1994; Doig and Steinberg,
1995), the differences in conformational entropy will also lead
to more stable mutants and negative A(LAG) values. (See, for
example, the discussion by Hammen et al., 1995.) However,
the mutants are less stable than the wild-type proteins by an
average of 1.0 kcal/mol per hydrogen bond (Table 2), and if the
information in Fig. 1 is used to correct for the differences in
side chain hydrophobicity and conformational entropy, the
average A(zAG) = 2.2 kcal/mol per hydrogen bond. For 16
mutants of these same types where the polar group is not
hydrogen bonded in wild-type protein, the average measured
A(AG) = 0.0 ± 0.6 kcal/mol. Non-hydrogen-bonded polar
groups apparently contribute little to stability. The polar groups
in these mutants are, however, only 33% buried on average, so
they do not provide a direct comparison with the mutants in
Table 2. Again, we think these data strongly support the idea
that hydrogen bonds make a favorable contribution to protein
stability.
The standard deviations in Table 2 are large. This is not
surprising, because each mutation is unique and a variety of
factors such as hydrogen bond type and geometry in the
wild-type protein and the size of the cavity in the mutant
will contribute to the measured A(AG) values. We can make
a rough estimate of the possible contribution of cavity size
to the A(AG) values. Based on studies of hydrophobic
mutants, Eriksson et al. (1992) find that cavities contribute
24 calA3 to the A(zAG) values. The potential size of the
cavities in the mutants ranges from 4 to 37 A3 (Fig. 1),
which corresponds to a maximum contribution to the L\(AG)
values of 0.1 to 0.9 kcal/mol. Applying the maximum cor-
rection would still leave the corrected A(AG) values in
Table 2 ranging from 1.6 to 2.2 kcal/mol. Cavity size
probably contributes to the measured A(AG) values. How-
ever, the fact that the corrected A(AG) values for the four
types of mutations in Table 2 do not differ significantly,
even though two of them can leave much larger cavities
than the other two, suggests that it is not a large contribu-
tion. We will postpone a discussion of another key question,
i.e., what happens to the remaining member of the hydrogen
bonding pair, until the next section.
Another experimental study shows convincingly that hy-
drogen bonding makes a favorable contribution to protein
stability. Huyghues-Despointes et al. (1995) have measured
the contribution of an (i, i + 4) interaction between Gln and
Asp to the stability of the a-helical form of a peptide. They
use NMR to show that the Asp carboxyl group forms a
specific hydrogen bond with the amide group of Gln in the
helical peptide. This interaction stabilizes the a-helix by 0.4
-3.6
-37.4
-4.1
1.13
1.24
0.47
0.07
1.31
-0.51
-1.03
-1.11
-1.08
-0.65
-29.9
+19.1
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TABLE I A(AG) values for Val > Thr and Thr > Val mutants
% vA(AG) (kcallmol)#
Mutants Buried* Measured Corrected
Thr => Val mutants
Thr -OH not hydrogen bonded in wild type
T13V§ 0 0.13 0.13
T82V§ 8 -0.27 -0.17
T33V§ 47 -0.60 0.02
T41V§ 100 -1.00 0.31
Thr -OH hydrogen bonded in wild-type
8 mutantsq 90 + 19 1.0 + 0.7 2.0 ± 0.7
Val => Thr mutants
Thr -OH not hydrogen bonded in mutant
6 Mutants (Staph nuclease)§ 2.5 ± 0.9
Val 149 => Thr (T4 lysozyme)II 2.8
Thr -OH hydrogen bonded in mutant
Val 75 => Thr (T4 lysozyme)I1 1.3
Val 87 => Thr (T4 lysozyme)1I 1.6
*Percentage buried for the -OH group was determined using the method ofLee
and Richards (Richards, 1977), as implemented by Lesser and Rose (1990).
#A(AG) = AG(wild-type) - AG(mutant). AG is defined for unfolding so
that positive A(AG) values show that the mutant is less stable than wild-
type protein. The values are per hydrogen bond for groups that form more
than one hydrogen bond. The measured values are from the references
given below. The corrected value = measured value + (fraction -OH group
buried) x 1.31. This is an approximate correction for the difference in
hydrophobicity between the Val and Thr side chains (Fig. 1). No correction
was made for differences in conformational entropy.
§Byrne et al. (1995).
sGreen et al. (1992); Byrne et al. (1995); Serrano et al. (1992); Matthews
(1995).
IlBlaber et al. (1993).
kcallmol when Asp is uncharged and by 1.0 kcal/mol when
Asp is charged. Thus the free energy must be lower with the
polar groups hydrogen bonded to each other rather than
water, even though they are surrounded by 55 M water.
They show also that Gln and Asp occur in protein helices
spaced (i, i + 4) far more frequently than would be expected
by random occurrence, and that the majority of these are
hydrogen bonded. This demonstrates that a hydrogen bond-
ing interaction between side chains can contribute favorably
to the stability of an a-helix and, therefore, of a protein. The
free energy of this hydrogen bond is somewhat less than the
protein hydrogen bonds in Table 1, but there are possible
explanations for this. First, the side chains in an a-helix are
more mobile than those in a folded protein, so fixing them
in a geometry favorable for interaction will entail a greater
loss in conformational entropy. Second, the lower dielectric
constant of the protein interior should result in an enthalpi-
cally stronger bond than the solvent-exposed hydrogen
bonds of side chains in an a-helix.
Other evidence from studies of the helix-to-coil transition
of peptides supports a favorable contribution of backbone
TABLE 2 A(AG) values for 52 hydrogen bonding mutants
% /A(AG) (kcal/mol)#
Mutant Number Buried* Measured Corrected
Tyr c Phe 13 86 ± 19 0.6 ± 0.8 2.0 ± 0.9
Asn > Ala 18 80 ± 21 1.1 ± 0.8 2.3 ± 1.2
Ser => Ala 10 77 ± 25 1.1 ± 1.5 2.3 ± 1.6
Thr > Ala 1 1 79 ± 27 1.0 ± 0.9 2.1 ± 0.9
Total 52 81 ± 22 1.0 ± 1.0 2.2 ± 1.1
*The accessibility (% buried) of the polar group in the side chain in the
wild-type protein was calculated using the method of Lee and Richards
(Richards, 1977), as implemented by Lesser and Rose (1990).
#A(AG) = AG(wild-type) - AG(mutant). AG is defined for unfolding so that
positive A(AG) values show that the mutant is less stable than the wild-type
protein. The values are per hydrogen bond. The measured A(AG) values are
from the following references: RNase TI (Shirley et al., 1992); barnase
(Serrano et al., 1992); staphylococcal nuclease (Green et al., 1992; Byrne et al.,
1995) BPTI (Yu et al., 1995); arc repressor (Milla et al., 1994); T4 lysozyme
(Matthews, 1995). The corrected A(AG) values = [measured value + (fraction
polar group buried) x (difference in hydrophobicity given in Fig. 1) -
(difference in TASCO[nf given in Fig. 1)]/(number of hydrogen bonds removed
by the mutation). This is an approximate correction for the difference in
hydrophobicity and conformational entropy between the wild type and mutant
side chains. The number of hydrogen bonds removed was determined using
the program HBOND, kindly provided by L. Presta (Stickle et al., 1992).
developed an algorithm and parameter set that successfully
predicts the helical content of 423 peptides. The best fit
value for the contribution of backbone hydrogen bonds to
a-helix stability was 0.8 kcal/mol per hydrogen bond. This
is consistent with measurements indicating that AH for helix
formation in a 50-residue peptide containing mainly alanine
is about -1 kcal/mol per residue (Scholtz et al., 1991).
Munoz and Serrano (1995) point out that "the final values of
the parameters used do not significantly differ in absolute
terms from those extracted from mutagenesis studies in
proteins. This indicates that the same physico-chemical
principles stand for both systems."
Many other recent studies of proteins (Cordes et al.,
1996; Byrne et al., 1995; Yu et al., 1995; Makhatadze and
Privalov, 1995; Hammen et al., 1995; Thorson et al., 1995;
Marqusee and Sauer, 1994; Zhukovsky et al., 1994;
Yamada et al., 1994; Kaarsholm et al., 1993) and peptides
(Haberman and Murphy, 1996; Petukhov et al., 1996; Fo-
rood et al., 1993, 1994; Scholtz et al., 1993; Bruch et al.,
1991) also suggest that polar groups in general and hydro-
gen bonding in particular contribute favorably to protein
stability. In contrast, few recent experimental studies have
suggested the converse (Eberhardt and Raines, 1994). There
are unique difficulties, however, in interpreting studies of
intermolecular hydrogen bond formation such as this one
(see Dill, 1990, for a discussion).
THEORETICAL STUDIES OF
HYDROGEN BONDING
Theoretical studies on the energetics of polyalanine a-helix
formation led to the following conclusion (Yang and Honig,
hydrogen bonding to stability. Munoz and Serrano (1995) 1995): "Hydrogen bond formation is found to contribute
2036 Biophysical Journal
Hydrogen Bonds Stabilize Proteins
little to helix stability because the internal hydrogen bond-
ing energy is largely canceled by the large free energy cost
associated with removing polar groups from water." They
estimate that dehydration of a peptide group costs 4.9 kcal/
mol and that formation of a backbone hydrogen bond gains
only 3.5 kcallmol in the coil to a-helix transition. This may
be true for their model a-helix, but we doubt that the
desolvation of a peptide group in the folding of a protein
will be this unfavorable. As noted above, for transfer of a
peptide group from water to cyclohexane, Z\Gtr = 5.3 kcall
mol. Surely transfer from water to the interior of a protein
will be more favorable because the packing will be better
and interactions with other polar groups will be possible.
For example, for a Val => Thr substitution, a A(AG) = 6.6
kcallmol is predicted based on L\Gtr values measured in
cyclohexane (Pace, 1995). However, A(AG) is only 2.5
kcal/mol for the completely buried, non-hydrogen-bonded
Val => Thr mutants in Table 1. Thus, the energetic cost of
placing an -OH group at a location designed for a -CH3
group is surprisingly low, and the results for the non-
hydrogen-bonded Thr => Val mutants suggest that it is
considerably less when the -OH group is placed at a location
designed for an -OH group. These results may also reflect
the fact that polar groups in an unfolded protein will be less
accessible to solvent than those in the model compounds
used to measure the AGtr values or in the widely used
models for the unfolded state (Creamer et al., 1995). This
and other evidence (Byrne et al. 1995; Blaber et al., 1993;
Hellinga et al., 1992; Dao-Pin et al., 1991) suggest that the
cost of burying polar groups is less than previously thought,
and considerably less than predicted from A\Gtr values for
cyclohexane. This idea is supported by theoretical calcula-
tions (see table 9 in Lazaridis et al., 1995).
With regard to mutational studies of hydrogen bonding such
as those discussed above, Yang and Honig (1995) state: "The
net effect of a hydrogen bond cannot be evaluated when only
one member of a hydrogen bonding pair has been removed
because one is then left with a protein with an unsatisfied
buried polar group. Thus existing mutation experiments do not
suggest that hydrogen bonds contribute to protein stability." As
discussed previously (Shirley et al., 1992; Pace, 1995), there
are three possible fates for the remaining polar group: 1) It may
form a new intramolecular hydrogen bond, in which case
A(LAG) 0 would be expected; 2) it may form an intermolec-
ular hydrogen bond with water, in which case the impact of the
remaining polar group will be minimized, so that the A(lAG)
value will better reflect the cost of removing an intramolecular
hydrogen bond; or 3) it may be left unpaired, so that a more
positive A(zAG) would be expected. Honig and Yang (1995)
assume the third possibility for all of the hydrogen bonding
mutants, but this is certainly not the case. For example, in one
of the first studies of hydrogen bonding using mutagenesis,
Alber et al. (1987) show that the -OH group of Thr 157 is
hydrogen bonded to the -OH group of Thr 155 and the >N-H
group of Asp 159 in wild-type T4 lysozyme. In the Thr 157 =>
Gly mutant, a water replaces the -OH of Thr and forms the
not available for most of the mutants, and we are left to guess
at the hydrogen bonding status of the remaining partner. Even
if the crystal structure is known, it is frequently difficult to
assess the hydrogen bonding of a polar group to water. Some
polar groups that are accessible to water often do not immo-
bilize a water molecule sufficiently so that it is observed in the
crystal structure (Savage et al., 1993; Levitt and Park, 1993;
Karplus and Faerman, 1994). For example, Zhang and Mat-
thews (1994) compared 10 different crystal forms of T4 ly-
sozyme, including 18 crystallographically independent mole-
cules, and found that no solvent binding site was occupied in
all 18 lysozyme molecules. Failure to observe a water mole-
cule near a polar group in a protein crystal structure does not
necessarily indicate a lack of hydration.
Probably some of the mutants fall into each of the three
categories noted above, and this is one reason for the large
standard deviations in Table 2. The accessibilities of the
polar groups included in Table 2 range from 24% to 100%
buried (14 of 52 are 100% buried), with an average equal to
81% buried, and, as shown in Fig. 1, the potential cavity
size in the mutants ranges from 4 to 37 A3. Surely the more
accessible the polar group removed and the larger the po-
tential cavity, the more likely the remaining polar group is
to be hydrated. For the mutants in Table 2, the average
corrected A(zAG) = 2.3 ± 1.1 kcal/mol for the 14 100%
buried polar groups and 2.0 ± 1.2 kcal/mol for the 14 most
exposed polar groups (24% to 70% buried). Thus, the cor-
rected A(AG) values do not depend to a great extent on the
mutation considered or on the accessibility of the hydrogen
bond to water. This suggests that cavity size and the hydro-
gen bonding status of the remaining polar group are not key
factors contributing to the A(LAG) values. These observa-
tions may, in part, be another reflection of the fact that it is
less costly to bury non-hydrogen-bonded polar groups than
generally thought. It is certain that all of the hydrogen
bonding mutants will not be left with an unpaired polar
group in the mutant proteins, and when they are, the ener-
getic cost is probably less than the calculations of Honig and
Yang (1995) suggest. Consequently, we disagree with
Honig and Yang and think that mutational studies do sug-
gest that hydrogen bonds contribute to protein stability.
To avoid the problems of cavities and unpaired partners,
Thorson et al. (1995) used a different approach. By substi-
tuting non-natural amino acids, they were able to replace
one member of a hydrogen bonding pair with an isosteric
group with weak hydrogen bonding character. Based on
their results they concluded: "These results support the
notion that intramolecular hydrogen bonds in folded pro-
teins make a net favorable contribution of 1-2 kcal/mol to
protein stability relative to the corresponding hydrogen
bonds to solvent in the unfolded protein."
Our understanding of the hydration of proteins and its
contribution to protein stability is still in its infancy. Exper-
imentalists and theoreticians agree on this point. Lazaridis et
al. (1995) state: "It is questionable whether a simple solva-
tion model that provides accurate results can be found."
Makhatadze and Privalov (1995) are more pessimistic:
2037Myers and Pace
same two hydrogen bonds. Unfortunately, crystal structures are
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"Water is a mysterious liquid. All attempts regarding its
quantitative theoretical description have so far failed. As for
the hydration effects, they are doubly mysterious." It is
especially interesting that even the experimentalists cannot
agree on whether hydrophobic cavities in proteins contain
water or not (Buckle et al., 1996; Ernst et al., 1995; Mat-
thews et al., 1995). The environment of water molecules in
proteins can differ markedly. In RNase TI, one water mol-
ecule is completely buried, forms six hydrogen bonds, and
has a low temperature factor (12.9 A2) (Malin et al., 1991).
In contrast, a water molecule in a hydrophobic cavity (31
A3) of the Ile 76 => Ala mutant of barnase is also com-
pletely buried, but forms only a single hydrogen bond, and
has a high temperature factor (36.5 A2) (Buckle et al.,
1996). Surely these two water molecules do not contribute
equally to stability, but little is known about the contribu-
tion of hydration to the conformational stability of proteins.
To learn more will require both experimental studies of
hydration such as those of Connelly et al. (1994) and Bhat
et al. (1994), and theoretical studies of hydration, such as
those of Williams et al. (1994) and Zhang and Hermans
(1996). Tanford (1980) wrote: "Life as we know it origi-
nated in water and could not exist in its absence." It is not
surprising, then, that "mysterious" water is so important for
both the stability and folding of proteins.
CONCLUSIONS
In 1987, Fersht reviewed mutational studies of the interac-
tion of tRNA synthetase with its substrates and concluded
that the net stabilization energy provided by uncharged
hydrogen bonds was 0.5 to 1.8 kcallmol. Most experimental
studies since then have reached a similar conclusion. Some
of the most convincing were discussed above. We conclude
that hydrogen bonds stabilize proteins and that the average
net stabilization is 1 to 2 kcal/mol per intramolecular hy-
drogen bond. We also find that water to cyclohexane AGtr
values overestimate the cost of burying polar groups in
proteins. This probably results from the tighter packing of
the groups in the protein interior, leading to favorable van
der Waals interactions, and the less-than-full exposure of
polar groups to solvent in unfolded proteins.
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